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ARTICLE INFO ABSTRACT

Non-conventional yeasts are increasingly applied in fermented beverage industry to obtain distinctive products
with improved quality. Among these yeasts, Lachancea thermotolerans has multiple features of industrial re-
levance, especially the production of 1(+)-lactic acid (LA), useful for the biological acidification of wine and
beer. Since few information is available on this peculiar activity, the current study aimed to explore the phy-
siological and genetic variability among L. thermotolerans strains. From a strain collection, mostly isolated from
wine, a huge phenotypic diversity was acknowledged and allowed the selection of a high (SOL13) and a low
(COLC27) LA producer. Comparative whole-genome sequencing of these two selected strains and the type strain
CBS 6340" showed a high similarity in terms of gene content and functional annotation. Notwithstanding, target
gene-based analysis revealed variations between high and low producers in the key gene sequences related to LA
accumulation. More in-depth investigation of the core promoters and expression analysis of the genes ldh, en-
coding lactate dehydrogenase, indicated the transcriptional regulation may be the principal cause behind phe-
notypic differences. These findings highlighted the usefulness of whole-genome sequencing coupled with ex-
pression analysis. They provided crucial genetic insights for a deeper investigation of the intraspecific variability
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in LA production pathway.

1. Introduction

Besides Saccharomyces cerevisiae, the most studied and exploited
yeast species, non-conventional yeasts belonging to different genera
and species have recently received increasing attention by the scientific
community and the beverage fermentation industry (Capozzi et al.,
2015; Osburn et al., 2018; Lemos Junior et al., 2020). Among these
yeasts, Lachancea thermotolerans, formerly Kluyveromyces thermo-
tolerans, has a remarkable technological potential, yet underexplored
(Kurtzman, 2003; Hranilovic et al., 2018). Above all, L. thermotolerans
ability to produce r(+)-lactic acid (LA) during fermentation is a very
unusual metabolic activity among yeasts and has gained great bio-
technological interest (Witte et al., 1989; Sauer et al., 2010). LA is
considered one of the most industrially important organic acids, due to
many versatile applications in food, pharmaceutical, textile, chemical
industries (Datta and Henry, 2006; Sauer et al., 2008; Chen et al., 2013;
Martinez et al., 2013). Two enantiomeric forms are widely distributed
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in nature: L(+) and D(-), and microorganisms can selectively produce
one of two stereoisomers or a racemic mixture by lactic fermentation
(Axelsson, 2004; Martinez et al., 2013).

The efficiency of L. thermotolerans to produce LA is low for the in-
dustrial bulk chemical manufacture of this substance and hence not
much effort was put into this yeast as a production organism. However,
in some processes the concomitant acidification with alcoholic fer-
mentation is a benefit, notably in the oenological industry context. LA
could provide an effective acidification and a higher microbial stability,
important for some grape cultivars and wine-producing regions where
the acidity is insufficient (Sauer et al., 2010; Jolly et al.,, 2014;
Hranilovic et al., 2017). Several studies have proposed the use of L.
thermotolerans in multi-starter fermentations with S. cerevisiae to im-
prove aroma, flavour and mouthfeel of wine and reduce the ethanol
content (Lachance and Kurtzman, 2011; Freel et al., 2014; Benito et al.,
2016). Indeed, L. thermotolerans contribution could be useful to address
some recent concerns of the wine industry regarding climate change,
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which is causing an increase of sugar levels (and consequently of
ethanol) and loss of acidity of the grapes (Balikci et al., 2016; Benito
et al., 2016).

Strains of this species were also proposed as starter in the growing
sour beer market, providing organoleptic differentiation, enhancing the
aroma complexity and avoiding the addition of bacteria, thereby sim-
plifying and shortening the process (Domizio et al., 2016; Osburn et al.,
2018).

Recent studies have underlined significant phenotypic variability
among L. thermotolerans strains when important technological para-
meters, such as LA production, are compared. This indicates that a
proper selection has to be carried out in order to find the most appro-
priate cultures for overall product enhancement (Domizio et al., 2016;
Benito, 2018).

Despite the great interest in LA production and the information
derived by the complete genome sequence of L. thermotolerans CBS
64307 (Génolevures Consortium et al., 2009), which is the only one
available for this species to date, the knowledge regarding lactate me-
tabolism, either at phenotypic or genotypic level, is still limited.

In yeasts, the major flux of pyruvate metabolism is to ethanol, a step
catalysed by pyruvate decarboxylase (PDC) and alcohol dehydrogenase
(ADH). Pyruvate can be reduced to lactate by the activity of lactate
dehydrogenase (LDH), providing an alternative route for regenerating
NAD™ and reducing alcoholic fermentation (Hranilovic et al., 2018).
LDH belongs to the 1-lactate/i-malate dehydrogenase (1-LDH/1-MalDH)
super-family. They can be distinguished by the presence of catalytically
important amino acid residues for substrate specificity, i.e. glutamine
instead of arginine at position 102, and isoleucine instead of serine or
proline at position 250. Moreover, the signature sequence GXGXXG
close to the N-terminus is thought to be specific for 1-LDH (Madern,
2002).

Transport of monocarboxylic acids across the plasma membrane is
another essential step of LA production (Makuc et al., 2001). In-
tracellular accumulation can result in feedback inhibition of LDH,
leading to a decrease in LA yield (Pacheco et al., 2012; Turner et al.,
2019). The role of the monocarboxylate transporters JEN1 and ADY2,
as modulators for LA export by the cell, was well-demonstrated in
different studies using engineered S. cerevisiae strains (de Kok et al.,
2012; Pacheco et al., 2012). It is not yet clear whether JEN1 and ADY2
are the sole transporters carrying out acid efflux or if another LA ex-
porter (not yet identified) is also involved. However, the existence of
other exporters cannot be ruled out, as in strains with double deletion
of jenl and ady2 the LA efflux was still operational, although reduced
(Pacheco et al., 2012; Turner et al., 2019).

Aiming to shed light on this important metabolic feature, a collec-
tion of L. thermotolerans wine-associated strains was characterized for
the ability to produce LA. Afterwards, whole-genome of the highest and
lowest LA producer strains was sequenced in order to unravel in-
traspecific genomic differences. Focusing on the LA production
pathway, the most important genes related to synthesis and transport
were compared. Finally, to assess potential differences at transcription
level, promoter sequences and expression of the genes ldh were ana-
lysed.

2. Material and methods
2.1. Yeast strains and growth conditions

The L. thermotolerans strains used in this study, listed in Table 1,
have been previously isolated from several wine grape varieties, char-
acterized and identified by phenotypical and molecular methods (Binati
etal., 2019, 2020). The strains DBVPG 62327 = CBS 6340" (hereinafter
indicated as CBS 6340") and Viniflora® CONCERTO™ were also in-
cluded for comparative purposes. All yeasts were maintained in the
Department of Biotechnology culture collection.

The yeasts were reactivated from frozen cultures on Wallerstein
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Table 1
Code and isolation source of the wine-associated L. thermotolerans strains stu-
died. The strains subjected to de novo whole-genome sequencing are in bold.

Isolate code Grape variety Region of isolation (Province)

COLC11 Pinot Grigio Veneto (VR)

COLC27 Pinot Grigio Veneto (VR)

DESP53 Marzemino Veneto (TV)
FIANO43 Fiano Puglia (BA)
GLERA15 Glera Veneto (TV)

LS15 Alicante Toscana (GR)

LT15 Malvasia Candia Emilia Romagna (PC)
LT3 Malvasia Candia Emilia Romagna (PC)
MALV13 Malvasia Candia Emilia Romagna (PC)
MALV17 Malvasia Candia Emilia Romagna (PC)
SOL13 Solaris Trentino Alto Adige (TN)

Laboratory (WL) nutrient agar (Sigma-Aldrich, Milan, Italy) plates, and
then inoculated in YPD broth (10g/L Yeast extract, 20 g/L bacter-
iological Peptone, 20 g/L Dextrose) in agitation overnight at 27 °C to
reach the early stationary phase. The cultures were centrifuged at
3000 x g for 5min, washed twice, and re-suspended in sterile physio-
logical solution (0.9 % w/v NaCl). The cell suspension of each strain, at
about 108 cells/mL, was used to inoculate the media for the phenotypic
and genotypic assessment of LA production.

2.2. 1(+)-lactic acid production in mYPD broth and in grape must

LA production by L. thermotolerans strains was assayed in 96-well
microtiter plates (Greiner Bio-One, Kremsmiinster, Austria). Wells were
filled in with 198 pL of YPD broth modified with the addition of glucose
to reach a final concentration of 220 g/L (mYPD), and inoculated with
2 uL of the cell suspension prepared as described above. All yeasts were
inoculated in triplicate. The optical density at 600 nm (ODggp) was
measured with a Cary 60 UV-vis spectrophotometer (Agilent
Technologies, Santa Clara, USA) every 24 h during three days of in-
cubation in order to follow the yeast growth. LA concentration was
quantified in the supernatant after 72 h, by using an enzymatic assay
(Megazyme, Bray, Ireland), following the manufacturer’s protocol.

Two selected L. thermotolerans strains (SOL13 and COLC27) were
singly inoculated in microvinification trials using biological white
grape must (160 g/L of sugar, Folicello, Modena, Italy), pasteurized at
70 °C. Must samples (100 mL) were inoculated with approximately 10°
cells/mL. Fermentations were carried out in triplicate for each strain at
22 °C under static conditions, and weight loss and ODgoo were measured
daily until the end of fermentation (constant weight). Samples for LA
quantification were taken at T1 (half fermentation; 144 h) and T2 (end
of fermentation; 288 h). LA concentration was measured enzymatically
as indicated above.

2.3. Whole-genome sequencing and comparison

Total genomic DNA from the L. thermotolerans strains SOL13 and
COLC27 was isolated and purified using the Wizard Genomic DNA
Purification kit (Promega, Milano, Italy), according to the manu-
facturer’s instructions. A volume of 50 mL of cultures grown on YPD
broth was used to have a sufficient DNA quantity for genome sequen-
cing. DNA yield and purity were estimated by Nanodrop ND1000
UV-vis Spectrophotometer (Thermo Fisher Scientific, Waltham, USA)
and Qubit 4 Fluorometer (Thermo Fisher Scientific).

The shotgun sequences were generated using an [llumina NextSeq
500 platform (1-kb paired end libraries) at the CRIBI Biotechnology
Center (Padua, Italy). Genome sequences were assembled de novo using
CLC Genomic Workbench software (version 9.5). The genome quality
was assessed with Quast (v5.0.2-1) (Gurevich et al., 2013), and the
genome was measured with BUSCO “fungi odb9” database (Simao
et al, 2015). The Whole Genome Shotgun project of the L.
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thermotolerans strains SOL13 and COLC27 has been deposited at DDBJ/
ENA/GenBank under the accession numbers WVSD00000000 and
WVSE00000000, respectively.

Coding sequences (CDS) were predicted by GeneMark-ES (v4.57)
(Besemer and Borodovsky, 2005). Gene sequences were retrieved from
the GTF file through the get sequence_from_GTF.pl script. Gene func-
tional annotation was performed using the BlastKOALA tool (Kanehisa
et al., 2016), to access the non-redundant set of KEGG genes, with the
selection of the family Saccharomycetaceae as a taxonomy group and
4893 as taxonomy ID. RPS BLAST was used to compare protein se-
quences with eukaryotic orthologous groups of proteins (KOG) (Tatusov
et al., 2003).

Variants differing between COLC27 and SOL13 were identified by
aligning back the reads of one strain on the assembled genome of the
other strain. Reads were filtered with Trimmomatic (v0.33) using the
following parameters: LEADING:10 TRAILING:10 SLIDINGWIN-
DOW:4:15 MINLEN:65 (Bolger et al., 2014). Reads were aligned using
Bowtie2 (v2.2.4) (Langmead and Salzberg, 2012). Files in “sam” format
were converted to “bam” format using samtools (Li et al., 2009) and
finally checked and converted to “vcf” using samtools mpileup
(v1.9-12) and bcftools (v1.6). SnpEFF software (v4.3 g) was used for
genomic variants annotation and functional effect prediction (Cingolani
et al., 2012) using SOL13 as reference genome. Only variants with
predicted “high” or “moderate” effect were selected. Function of the
genes with variants was obtained by annotating proteins with Blas-
tKOALA software (Kanehisa et al., 2016). Progressive MAUVE (Darling
et al., 2004) was used for genome alignment to identify translocations
between L. thermotolerans CBS 6340”7 and the two examined strains
targeting the genes Ildh.

Phylogenomic analysis were performed with all the available gen-
omes of Lachancea species in the NCBI database. The annotation was
carried out using the Funannotate pipeline choosing the tantan method
to identify repetitive regions. The ab initio predictions were based on a
set of non-redundant proteins from Uniprot KB database. The genomes
of L. thermotolerans COLC27 and SOL13 were annotated combining
GeneMark-ES and Augustus consensus predictions. Gene function was
inferred matching Uniprot KB, CAZy, Merops and pre-computed BUSCO
dikarya models. The strains orthologs were identified by the get_ho-
mologs-est pipeline (Contreras-Moreira and Vinuesa, 2013) with a
threshold of 80 % of similarity, aligned using Clustal Omega (Sievers
et al., 2011), trimmed with TrimAL and concatenated. The con-
catenated FASTA file was processed with IQ-Tree software version
1.6.10 (Nguyen et al., 2015) with 1000 Ultra-fast bootstraps (Minh
et al., 2013), rendering a Maximum-Likelihood (ML) phylogenetic tree
determined with ModelFinder (Kalyaanamoorthy et al., 2017) (Best-fit
model TIM2+F + I+ G4 according to the BIC - Bayesian Information
Criterium), which was visualized with iTOL v5 software (Letunic and
Bork, 2019). The Schizosaccharomyces pombe 972h was used as out-
group species.

The alignment and clustering of amino acid sequences of LDH and
monocarboxylate transporters (JEN1 and ADY2) from L. thermotolerans
strains, and of the promoter regions of the genes ldh, were conducted
using Clustal Omega (Sievers et al., 2011) and MEGAG6 software (Mo-
lecular Evolutionary Genetics Analysis) (Tamura et al., 2013). Con-
served domains in the amino acid sequences were detected using BlastP
protein database search program version 2.10.0 (Altschul et al., 2005).
The putative binding sites for transcriptional factors nearby the core
promoter sequences of Idh1, ldh2, and Idh3 were identified with Yeas-
tract (Teixeira et al., 2018).

2.4. Detection and expression of the genes ldh

2.4.1. Detection of the genes ldh by PCR

Total genomic DNA, extracted and quantified as reported above,
was diluted to the concentration of 20 ng/uL. To detect the putative
genes encoding for LDH among the isolates, the primers listed in
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Table 2

Primers used for amplification of the genes Idh1 and Idh2.
Primer Sequence (5’-3%) Amplicon size (bp) Tm (°C)
LDH1-F ATCCGGTCGGAAGTACCAAC 195 59.4
LDH1-R TACTGGTGACTGACAGCGC 58.8
LDH2-F TTCAAGTACCAGCATTCGG 258 54.5
LDH2-R CGGGTCAGCTAAACAGTA 53.7

Table 2 were designed, exploiting the nucleotidic polymorphism pre-
sent in the gene sequences.

The amplification reactions were performed in a final volume of
20uL containing: 1x DreamTaq Green Buffer (Thermo Fisher
Scientific), 2.0 mM MgCl,, 0.2 mM dNTPs, 1 uM of each primer, 0.025
U/puL DreamTaq DNA Polymerase (Thermo Fisher Scientific), and 50 ng
of genomic DNA. The amplification program comprised an initial in-
cubation at 94 °C for 4 min, 30 cycles of denaturation at 94 °C for 1 min,
annealing at the respective melting temperature (T,,) of each pair of
primers reported in Table 2 for 30s and extension at 72 °C for 1 min,
and concluded with a final extension of 8 min at 72 °C. The amplifica-
tions were conducted in a Thermal Cycler 2720 (Applied Biosystems,
Thermo Fisher Scientific). The PCR products were verified by electro-
phoresis on 1.0 % agarose gel stained with EuroSafe (Euroclone S.p.A.,
Pero, Italy) and using the marker O’GeneRuler DNA (Thermo Fisher
Scientific).

2.4.2. RNA extraction and cDNA synthesis

Samples for total RNA extraction were taken in triplicate at three
different times during the microvinification trial described in paragraph
2.2: TO (inoculation; 0 h), T1 (half fermentation; 144 h) and T2 (end of
fermentation; 288 h). RNA was purified according to Combina et al.
(2012).

All samples were then diluted on DEPC-treated water to reach a
concentration of 100 ng/pL and submitted to DNase treatment. This
purification was carried out with the Turbo DNA-free kit (Thermo
Fisher Scientific), following the manufacturer’s instructions. The pur-
ified RNA was kept at -80 °C, until the synthesis of total cDNA was
performed using the ImProm-II"™ Reverse Transcriptase kit (Promega),
according to the manufacturer’s protocol. Nucleic acid yield, purity and
integrity ~were checked with NanoDrop ND1000 UV-vis
Spectrophotometer and by electrophoresis on a 1,5 % (w/v) agarose
gel.

2.4.3. Gene expression analysis by quantitative real-time PCR

Plasmid DNA standards were constructed by cloning the PCR pro-
ducts of L. thermotolerans CBS 6340" in the pGEMT-easy vector and by
transformation of the high efficiency JM109 competent -cells
(Promega), according to the manufacturer’s guidelines.

Isolation of plasmid DNA from transformants was conducted with
GenElute™ Plasmid Miniprep kit (Sigma-Aldrich). The identity of the
inserts was confirmed by PCR assays. Quantification of the standards
was performed with the Qubit 4 Fluorometer. The number of plasmid
copies per microliter was obtained from the concentration values using
the molecular weight of the recombinant plasmid DNA according to Lee
et al. (2006).

Quantitative real-time PCR (qQPCR) was carried out with the cDNA
obtained as described above as target and ten-fold serial dilutions of
recombinant plasmid (from 3 to 3 X 10® copies) to generate the stan-
dard curve. The absolute quantity of target in the samples was esti-
mated interpolating the C, value obtained in qPCR with the standard
curve.

Amplifications of the genes Idh1 and ldh2 were carried out in 25 pL
reaction volume, containing 1 X SYBR Green Master Mix (Life
Technologies), 0.4 uM of each primer, and 6 ng of cDNA or a suitable
amount of plasmid. Amplification program included an initial
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denaturation at 95 °C for 5 min, 40 cycles of denaturation at 95 °C for
1 min, annealing at the respective melting temperature (Ty,) of each
pair of primers reported in Table 2 for 30s and extension at 72 °C for
40s, and concluded with a final denaturation of 10s at 95°C. The
melting curve was conducted by raising the temperature from 60 to
95 °C with a gradient of 0.1 °C/s. The reactions were performed with
technical replicates on Light Cycler® Nano (Roche, Pleasanton, USA).

2.4.4. Statistical analysis

Data from LA determination and qPCR were compared by one way
ANOVA (ANalysis Of VAriance) and then subjected to post-hoc Tukey’s
HSD (Honestly Significant difference) test, using the software PAST
(Hammer et al., 2001). The difference was considered significant with a
p-value below 0.05.

3. Results and discussion
3.1. Intraspecific variability in 1(+ )-lactic acid production

Eleven strains of L. thermotolerans, originated from diverse wine
grape varieties, the type strain CBS 63407, and a commercial starter of
the same species (CONCERTO) were evaluated for LA production, a
distinctive feature of this yeast. The analysis was conducted by growing
the strains in standardized conditions, i.e. using mYDP laboratory
medium containing 220 g/L glucose. The growth curves (Fig. 1A), de-
termined by measuring the ODggo, show that all strains had a similar
behaviour in the liquid medium, and were reaching the early stationary
growth phase after 72h. On the other hand, a remarkable variability
among the strains was observed in the LA production, measured after
72h of growth, as shown in Fig. 1B.

LA production ranged from 1.15 g/L (COLC27) to 5.24 g/L (SOL13).
The strains were divided into three groups according to the amount of
LA produced, namely: low producers (COLC27, CBS 6340", CONCE-
RTO, COLC11 and DESP53), medium producers (GLERA15, MALV17,
LT3, FIANO43, LS15 and MALV13), and high producers (LT15 and
SOL13). In our previous research (Binati et al., 2019), the same strains
grown in Trebbiano grape must (210 g/L sugar) showed a variation in
LA production from 0.26 g/L (CONCERTO) to 10.54 g/L (SOL13), with
the same trend observed for the differential production among the
strains. Three of them, further investigated in sequential fermentations
with S. cerevisiae EC 1118 in Pinot Grigio grape must (236 g/L sugar),
still retained their behaviour regarding LA production: 0.53 g/L for
COLC27, 1.22 g/L for DESP53, and 4.42 g/L for SOL13 (Binati et al.,
2020).

Recent researches have highlighted the intraspecific heterogeneity
of L. thermotolerans in the LA accumulation. Hranilovic et al. (2018)

A
12
1.1
1.0
09
08

=207

s 06

80

05
04
03
02 =
0.1 - e
0 24 48 72
Time (h)

——COLC11 COLC27 DESP53 —+ FIANO43
GLERA15 LS15 —= . LT3 LT15
MALV13 —e -MALV17 +--#- SOL13 CONCERTO
CBS 6340

Microbiological Research 238 (2020) 126525

tested 94 strains collected from diverse ecological niches worldwide
and the LA production ranged from 1.8-12.0 g/L. Other previous stu-
dies with diverse strains found concentration values between
0.90-4.20g/L in Viura pasteurized grape must (206 g/L sugars)
(Escribano et al., 2018), 1.24-2.56 g/L in Aglianico grape must (240 g/
L sugars) (Aponte and Blaiotta, 2016) and 1.0-16.6 g/L in Greek pas-
teurized grape must (215 g/L sugars) (Banilas et al., 2016).

Despite this well-documented variability, scarce information is
available on the molecular mechanisms behind these metabolic path-
ways in L. thermotolerans. Aiming to further analyse the possible reasons
for the huge phenotypic divergence on the LA production, a genome
comparison was performed considering the lowest (COLC27) and the
highest (SOL13) LA producers. It was focused on a molecular char-
acterization of the lactate dehydrogenases and permeases involved in
LA metabolism.

3.2. General overview of the L. thermotolerans COLC27 and SOL13 genome

3.2.1. Genome assembly

The genomes of the L. thermotolerans strains COLC27 and SOL13
were sequenced using I[llumina NextSeq 500 platform at about 80X
(STD 209) and 117X (STD 308) coverage. To date, only the complete
genome of L. thermotolerans CBS 6430" has been determined for this
yeast species (Génolevures Consortium et al., 2009).

The general genomic features of COLC27 and SOL13 are summar-
ized in Table 3.

Final assemblies had total sizes in the range of 10.2 and 10.3 Mb,
consisting of 43 and 71 scaffolds for L. thermotolerans COLC27 and
SOL13, respectively. The GC content of 47.34 % was the same pre-
viously identified for the type strain (47.3 %) (Génolevures Consortium
et al., 2009).

The high quality of the assemblies was evidenced by the high N50
and N75 values (Table 3) and allowed a reliable gene finding and
functional annotation. Further, the genome completeness of the strains
SOL13 and COLC27, 99.3 % and 99.0 % respectively, was similar to the
type strain (99.0 %), according to the presence of single copy universal
fungi orthologs genes from BUSCO database.

In the COLC27 and SOL13 genomes there are, respectively, 6,227
and 6,356 protein-encoding genes, including 7,876 and 7,974 exons. As
for other unicellular fungal genomes, the number of exons per gene is
close to one, with a small number of genes predicted to have one or
more introns. Comparative analysis performed between the two strains
sequenced in the present study revealed the presence of 91,370 var-
iants, 87,968 of them are SNPs (single-nucleotide polymorphisms),
3,402 are InDels (Insertion—deletion mutations). A bioinformatics pre-
diction of the functional effect of these variants performed using SNPeff
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Fig. 1. Variability of the L. thermotolerans strains grown in mYPD medium. (A) Growth curves of the strains obtained by ODggo. (B) L(+)-lactic acid production after
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Table 3
Whole-genome information of the L. thermotolerans strains COLC27 and SOL13.

L. thermotolerans L. thermotolerans

COLC27 SOL13

Nucleotide distribution ~ GC (%) 47.34 47.34
Contig measurements N75 478,272 bp 364,893 bp

N50 788,172 bp 946,139 bp

Scaffolds 43 71
Total length 10.2 Mb 10.3 Mb
Genome completeness 99.0 % 99.3 %
Protein coding genes 6,227 6,356
Exons 7,876 7,974

revealed that only 156 have a putative high phenotypic impact, while
other 49,331 have moderate or low predicted effect.

Fig. 2A shows the annotated genes of the two L. thermotolerans
strains grouped into functional categories, according to their biological
roles. Annotation of the reference genome of CBS 6340 is also reported
for comparison. The annotation showed very similar results for the
three strains, which have 55-58 complete KEGG modules, 15-17 of
them associated to Carbohydrate metabolism (including for example
the glyoxylate cycle). The Genetic Information Processing category
accounted for the majority of KEGG annotation for all genomes. Other
pathways including a high number of genes were Cellular Processes
(241 —246 genes) and Carbohydrate metabolism (195-199 genes).
Moreover, most of KEGG-annotated genes were shared by the three
strains, for a total of 2,823, much higher than the specific genes of each
strain (Fig. 2B). Interestingly, a higher number of common genes was
observed between COLC27 and CBS 6340" than with SOL13.

The high similarity in terms of gene content among the strains
suggested that the phenotypic differences were probably determined by
single nucleotide or structural variants present in the genome and not to
presence/absence of specific genes. Analysis of the genes where high
impact variants have been identified revealed that many of them were
associated to carbohydrate (K09101) and amino acids metabolism
(K09105). In particular, the average number of variants for gene is 97,
but some genes have more than 200 different variants. The variants
annotation revealed that the latter are specifically linked with lactate
metabolism (K00016) and arginine biosynthesis (K00220).

The alignment between the L. thermotolerans COLC27 and SOL13
genomes generated with MAUVE software did not reveal any translo-
cations.

The availability of whole genomes allowed the reconstruction of a
phylogenomic tree. A phylogenomic Maximume-likelihood tree (Fig. 3)
was built based on 154 concatenated genes arranged in 11 orthologous
clusters. The tree topology confirmed the 26S rRNA taxonomic

B Cellular Processes

B Lipid metabolism

O Energy metabolism

B Genetic Information Processing

@ Carbohydrate metabolism

B Environmental Information Processing L
O Protein families: metabolism
B Amino acid metabolism

OUnclassified: metabolism

B Glycan biosynthesis and metabolism

B Nucleotide metabolism
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assignment of the L. thermotolerans strains COLC27 and SOL13. Two
distinct clades were recognized for the Lachancea species, where L.
dasiensis, L. nothofagi, L. meyersii, L. lanzarotensis are gathered in the
first clade. L. thermotolerans belongs to the second clade, together with
L. mirantina, L. kluyveri, L. fermentati, L. waltii and L. quebecensis. The
latter established a sister group of L. thermotolerans, revealing a prox-
imal relationship of these yeasts.

3.3. Characterization of loci related to 1(+ )-lactic acid metabolism

Firstly, the genes involved in LA metabolism among the L. thermo-
tolerans strains COLC27, SOL13, and CBS 6340" were assessed, in order
to establish if the differences can help to understand the variability in
LA production.

Three different copies of the gene encoding for the LDH enzyme
were identified from in silico analysis of the published genome sequence
of CBS 6340, denominated here as Idhl (KLTHOD00440 g,
Chromosome D), ldh2 (KLTH0G19536 g, Chromosome G), and Idh3
(KLTH0G19558 g, Chromosome G). It was previously demonstrated
that LA production efficiency is affected not only by the enzymatic
properties of LDH originated from different organisms, but also by the
copy number of the gene Idh (Ilmén et al., 2013). Nevertheless, three
copies of the gene Idh were also identified in the genomes of the two
new L. thermotolerans strains studied. Further, as in the reference
genome, the strains displayed the same Idh organization with two co-
pies of ldh in tandem (Idh2 and Idh3) and one (Idh1) located elsewhere.

To investigate the presence of the two known lactate permease
genes jenl and ady2, the Pfam predicted proteins (PFO0083, PF01184)
were targeted in the GenBank file of the L. thermotolerans annotated
genomes. A unique sequence of the jenl was found in the strains SOL13
and COLC27, while two copies of the permease ady2 were found. On the
other hand, the type strain owns one copy of each gene.

Alignment-based neighbour-joining method (Fig. 4) showed a higher
correlation between the amino acid sequences of the LDHs and JEN1
derived from the low LA producer strains (COLC27 and CBS 6340"),
than those derived from the high producer (SOL13). These findings
agree with the phenotypic results previously observed, where SOL13
produced, in mYPD broth, 4.5 times more LA than COLC27 and CBS
6340" (Fig. 1B).

Nevertheless, it seems that differences in the amino acid sequences
do not interfere with key sites in the proteins, which remained un-
changed. This was verified by the alignment and thoroughly compar-
ison of translated sequences of all genes taken in consideration. Some
putative conserved domains were observed in the genes Idh
(Supplementary Figure S.1): i. GXGXXG (Madern, 2002), ii. NAD(P)
binding site, iii. substrate binding site, iv. dimer and tetramer interface.

B
CBS 63407

O Protein families: genetic information processing

SOL13

B Protein families: signaling and cellular processes 9 1 4

OMetabolism of cofactors and vitamins 1 3

CoLC27

Fig. 2. (A) Functional annotation of the genome sequence of the three analysed L. thermotolerans strains obtained with the BlastKOALA tool; from the outer to the
inner: COLC27; SOL13 and CBS 6340". (B) Venn diagram representing the common and specific annotated genes among the three strains.
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L. dasiensis CBS 10888T (GCA_900074725)

L. nothofagi CBS 11611T (GCA_900074755)

L. meyersii CBS 8951T (GCA_900074715)

Lachancea sp. CBS 6924 (GCA_900074735)

L. lanzarotensis CBS 12616T (GCA_000938715)

L. mirantina CBS 11717T (GCA_900074745)

L. kluyveri NRRL Y-12651T (GCA_000149225)

L. fermentati CBS 6772 (GCA_900074765)

L. waltii NCYC 2644T (GCA_000167115)

L. quebecensis CBS 14088 (GCA_002900925)

L. thermotolerans SOL 13 (WVSD00000000)

L. thermotolerans CBS 6340T (GCA_000142805)

L. thermotolerans COLC27 (WVSE00000000)

0.2

Schizosaccharomyces pombe 972h (GCA_000002945)

Fig. 3. Phylogenomic tree of the genus Lachancea, containing all genomes available in public databases and the two new genomes of the L. thermotolerans strains

COLC27 and SOL13. The strain S. pombe 972 h was used as outgroup.
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Fig. 4. Neighbour-joining tree of L. thermotolerans main known genes involved
in L(+ )-lactic acid metabolism.
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Meanwhile, the sequence 379NXX[S/T]HX[S/T]QDXXXT391, part of the
substrate translocation pathway (Soares-Silva et al., 2007), was found
in jenl (Supplementary Figure S.2).

As regard ady2, the single copy shared by all three strains had a
higher similarity between SOL13 and COLC27. It cannot be inferred
whether the additional copy of ady2, present in the two selected strains,
but not identified in the type strain, could provide any evolutionary
advantage or impact on the LA metabolism. Considering the phenotypic
results of LA production, it is most likely not the case, since COLC27
and CBS 6340”7 had similar behaviour, and SOL13 was significantly
different. Indeed, previous studies reported that overexpression of both
jenl and ady2 in an engineered strain of S. cerevisiae did not result in

higher LA yields from glucose (Turner et al., 2019).

The presence of jenl and ady2 in all three genomes indicates a fully
functional system of LA export. Moreover, considering that over-
expression of such genes has been suggested in literature to provide
only limited benefits in LA yields when using glucose as carbon source
(Turner et al., 2019), it was decided to further funnel the analysis on
the transcription of the genes Idh.

Regulatory sequences in the promoter region determines the ex-
pression pattern of a given gene, which directly influences the encoded
protein activity level, therefore the upstream sequences of the genes ldh
were compared and scrutinised. The analysis considered around 400
bases before the start codon (ATG), in order to incorporate the core
promoter and upstream regulatory elements (Erb and van Nimwegen,
2011; Lubliner et al., 2015). The phylogenetic analysis of the promoter
sequences (Fig. 5) showed a higher similarity between the Idh1 and Idh2
upstream regions. Interestingly, the promoters of I[dh1 were very similar
among the three strains, while for [dh2 and Idh3, a clear separation was

’ PROM_LDH1_CBS6340

I PROM_LDH1_SOL13

PROM_LDH1_COLC27

PROM_LDH2_SOL13

L{ PROM_LDH2_CBS6340
PROM_LDH2_COLC27

PROM_LDH3_SOL13

L[ PROM_LDH3_CBS6340
PROM_LDH3_COLC27
—_—
020

Fig. 5. Neighbour-joining tree of L.
of the genes Idh.

thermotolerans promoter regions upstream
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witnessed for SOL13. Accordingly, the differences observed for the ldh
promoters followed the trend stated for the Ildh coding sequences
(Fig. 4).

Going into more detail, the alignment of nucleotides in the Ildh
promoter sequences of the three investigated strains allowed the un-
derlining of a conserved region located at around 100 base pairs up-
stream of the ATG. It was identified as the TATA box (Supplementary
Figure S.3), a well-known core promoter element that, in yeasts,
characterizes genes with variable expression and often induced in re-
sponse to various stresses (Erb and van Nimwegen, 2011). Moreover,
some single nucleotide mutations in the sequence of SOL13 were
highlighted, since, as discussed by Lubliner et al. (2015), sequence
variations within the core promoter regions greatly affect promoter
activity.

The upstream regulatory elements typically contain one or more
transcription factor binding sites (TFBSs). These short sequences (6-12
bp) play a part in regulating the expression of the associated genes
through the recruitment of transcription factors (TFs) to the core pro-
moter (Levo and Segal, 2014; Lubliner et al., 2015). The TFs interact
with one another and with the transcriptional machinery, acting as
repressors or activators of transcription, thus being very effective ways
to alter a gene’s expression and to balance biosynthetic pathways
(Decoene et al., 2019).

Analysis of TFBSs for each Idh intergenic region considered in the
COLC27, SOL13 and GBS 6340" genomes (Supplementary Figure S.4)
revealed very similar distribution profiles in the Idhl and ldh3 pro-
moters. On the other hand, the profile of TFBSs in Idh2 is different
across the compared strains, which could be related with mutations
during their evolution. TFBSs involved in transcription regulation are
usually distributed in the first 200 base pairs upstream of transcrip-
tional start sequence (Erb and van Nimwegen, 2011). In this precise
Idh2 promoter region, four TFBSs were detected exclusively in SOL13
(Pip2, Snk7, Imel, Hsfl) while another one (Rtgl/Rtg3) was present
only in COLC27 and CBS 6340", despite the large presence of TFBSs
across the sequences. TFs are usually associated with regulation me-
chanisms involved in environmental stress response (osmolarity,
acidity, heat, starvation), but, to the best of our knowledge, no in-
formation are available on TFs related to regulation of genes in LA
metabolism. Nevertheless, the observed differences in TFBSs profiles,
and the single nucleotide mutations in the core promoters of SOL13,
suggest that the divergent strain behaviour could be determined by an
altered regulation of the genes Ildh.

Thus, to check whether the observed similarities and differences in
promoter analysis could result in significant transcription changes, the
genomic comparison was refined to the level of gene expression for ldh1
and ldh2.

3.4. Microvinification trials and expression analysis

The qPCR assay was used to monitor the expression of the genes
Idh1 and Idh2 through a microvinification trial of pasteurized grape
must, inoculated with the strains COLC27 and SOL13. Samples for RNA
extraction were collected at the beginning (TO, 0 h), middle (T1, 144 h)
and at the end (T2, 288h) of fermentation, as determined by weight
loss method. Both strains grew well and showed a similar growth curve
(data not shown). The strains fermentation kinetics (Fig. 6A) showed
different fermentative ability. SOL13 started the sugar consumption
promptly, while COLC27 was slower in the first half of fermentation.
After the sixth day, COLC27 increased its fermentation rate and both
strains were able to conclude the process 12 days after the inoculation.

As it can be seen in Fig. 6B, the high-producer SOL13 reached ap-
proximately 11 times more LA than the low-producer COLC27. Note-
worthy, the LA levels reached the maximum value in the middle of
fermentation (T1), since the concentration did not augment sig-
nificantly at the end (T2) of the process. LA production during the first
half of fermentation was also observed by other authors following this
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metabolic activity during the course of fermentation (Morata et al.,
2019). The direct conversion of intracellular pyruvate to LA, instead of
producing ethanol, could represent an advantageous alternative
pathway for NAD* regeneration. Nonetheless, extracellular accumula-
tion of the produced lactate and the consequent reduction of pH create
a threshold limiting LA production (Sauer et al., 2010). Moreover, this
threshold varied among the analyzed strains.

The transcription levels of the genes Idhl and Idh2 for the two
strains are shown in Fig. 7.

In general, the expression level differed considerably depending on
the gene, the strain, and the fermentation course, as well. The values
obtained at TO for both genes were not reported in the graph, because
they reflected the residual expression associated with the stationary
phase in the YPD pre-culture conditions. Regarding the gene Ildhl, in
both strains its transcription occurred to a greater extent in the middle
of fermentation (T1), suggesting a higher activity during the phase of
tumultuous fermentation and then it declined towards the end of the
process. The strain SOL13 displayed a significantly higher expression of
the gene Idh1 at T1 than COLC27, up to 7.10 log and 6.39 log (copies/
ug cDNA), respectively.

A similar trend was shown for Idh2, with an even higher difference
of 2 log between the transcript levels for the two strains in the mid-
fermentation, 6.36 log(copies/ug ¢cDNA) for SOL13 and 4.34 log(co-
pies/ug cDNA) for COLC27. The expression significantly dropped at the
end of the process, markedly for SOL13.

The results of qPCR analysis are in accordance with the phenotypic
outcome shown in Fig. 6B, as LA production by SOL13 was much higher
than COLC27 and this metabolic pathway was active in the middle of
the fermentation process. After that, the concentration of LA did not
change, in agreement with the much lower level of transcripts found at
this phase. Moreover, they confirm the previous suggestion of a possible
correlation of this metabolism with the transcriptional regulation of the
genes ldh.

A recent investigation of five vineyard-associated L. thermotolerans
strains (plus the type strain), with varying LA production in filter-
sterilized grape must, quantified the relative expression of the three
genes ldh after 16 h. It was highlighted a significantly higher expression
of Idh2 in the top-producers, in agreement with the present results.
Additionally, they did not find differences in Idh1 and ldh3 expression,
suggesting that regulation of only Idh2 is related to LA production
(Sgouros et al., 2020).

The improved LA production level could be in principle associated
with a better transcription rate of the mutated genes Idh in SOL13.
Notwithstanding, other outcomes of the sequence polymorphisms
should be considered, such as a lower turnover rate or a higher trans-
lation level of the transcript (Branduardi et al., 2006).

4. Conclusions

Even if a relatively low number of L. thermotolerans strains was
studied, a remarkable phenotypic diversity was found for a technolo-
gically relevant pathway as LA production. Bioinformatics tools al-
lowed genome annotation of an important yeast species, enriching the
public databases with two strains greatly divergent in that character.
The acquired genome information guided the analysis of key genes
involved in the LA metabolism and their promoter regions. This ap-
proach allowed the design of an additional step of gene expression
analysis, which gave further evidence of the regulatory mechanisms
most likely related to the variability investigated.

Looking forward, new studies are required to broaden the under-
standing on this matter. Metabolomics and transcriptomics could be
very powerful tools when coupled with genome-wide analysis to un-
cover additional metabolic pathways and genes involved in carbon flux,
redox balance, and stress responses triggered by LA accumulation.
Aspects of cellular growth and interactions with other microorganisms
could also be relevant to better exploit L. thermotolerans intraspecific
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variability for different biotechnological applications.
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